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Abstract  

This research identified vulnerability indicators from open-data sources 

that represent the three components of vulnerability, as outlined by the 

Intergovernmental Panel on Climate Change: exposure, sensitivity, and 

adaptive capacity. With input from experts knowledgeable in port 

operations, planning, policy, and data, researchers refined a set of high-

level vulnerability indicators to answer the following key questions: (1) 

how sufficient is the current state of U.S. seaport sector data for 

developing expert-supported vulnerability indicators for a regional sample 

of ports and (2) how can indicators be used to measure the relative 

vulnerability (i.e., exposure, sensitivity, and adaptive capacity) of multiple 

ports? Using open-data sources, this study developed an Indicator-Based 

Vulnerability Assessment methodology that integrates multiple 

vulnerability indicators for ports in the North Atlantic region. The Analytic 

Hierarchy Process, a technique for organizing and analyzing complex 

decisions using pairwise comparisons, was used to develop a ranking that 

matched 3 of the top-4 most vulnerable ports that were subjectively 

identified by port experts. This demonstrates strong promise for this 

methodological approach to measure seaport vulnerability to climate and 

extreme weather events. Indices of seaport relative vulnerability to climate 

and extreme weather can advance goals for a resilient Marine Trans-

portation System by informing efforts and plans to prioritize and allocate 

limited resources. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 

Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 

All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
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Executive Summary  

The third U.S. National Climate Assessment indicates that seaport 

infrastructure is being damaged by sea level rise, heavy downpours, and 

extreme heat, and research suggests damage rates will continue to increase 

(Melillo et al. 2014). National and global economies depend on ports as 

over 90% of global trade is transported by sea (IMO 2012). Because 

climate and extreme weather affect most coastal infrastructure in the 

United States (IPCC 2013), it is important that knowledge of the regional 

distribution of vulnerability to climate and extreme weather inform 

transportation resilience and climate-adaptation planning.  

This work is part of the U.S. Army Corps of Engineers (USACE) Project 

W912HZ-16-C-0019 entitled ñMeasuring Climate and Extreme Weather 

Vulnerability to Inform Resilience.ò This report captures the first of a two-

part study. In this first part, experts ranked higher the use of exposure and 

sensitivity indicators as measures of ports vulnerability. The second part of 

the study (Mclean and Becker [2019], Measuring Climate and Extreme 

Weather Vulnerability to Inform Resilience: Report 2: Port Decision 

Makersô Barriers to Climate and Extreme Weather Adaptation) focuses on 

adaptive capacity ï the third component of vulnerabilityðand in particular 

on barriers to adaptation. 

This project develops and pilots a methodology to measure climate and 

extreme weather vulnerability for North Atlantic Medium- and High-Use 

seaports by aggregating weighted indicators into composite indices. The 

approach developed by the University of Rhode Island with the support of 

the U.S. Army Engineer Research and the Development Center at the U.S. 

Army Corps of Engineers (USACE), integrates multiple vulnerability 

indicators. The composite indices resulted from a process that first 

identified candidate indicators from open-data sources, used expertsô 

evaluation of the candidate indicators, and weighted a selection of the 

highest ranking indicators.  

The vulnerability indicators identified from open-data sources were sought 

for their potential to represent one of the three components of 

vulnerability outlined by the Intergovernmental Panel on Climate Change 

(IPCC): exposure, sensitivity, and adaptive capacity (IPCC 2012). To help 

ensure scalability, the project relied on open-data sources rather than 

creating bespoke datasets or obtaining proprietary data.  
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Based on the availability of open-data sources, this study developed an 

Indicator-Based Vulnerability Assessment (IBVA) methodology; the 

generated indices of seaport relative vulnerability to climate and extreme 

weather can advance the goals of the Marine Transportation System of the 

USACE by informing efforts and plans to prioritize and allocate limited 

resources to increase the climate resilience of seaports. 

This report outlines the process of identification of candidate indicators 

for describing seaport vulnerability, the subsequent narrowing down to a 

manageable set, and the process of weighting and ranking indicators 

applied to a sample of ports. Of the 108 initially identified candidate 

indicators, 48 were supported by sufficient data for the selected 22 ports 

within the USACE North Atlantic Division geographic boundary. Through 

an expert elicitation process, experts ranked each indicatorôs correlation 

with the components of vulnerability (i.e., exposure, sensitivity, and 

adaptive capacity); indicators that did not have a high perceived 

correlation with the components of vulnerability were removed at this 

stage. This left 34 candidate indicators, of which the top-12 ranking 

indicators were weighted by experts in a final step via an Analytic 

Hierarchy Process (AHP).  

The AHP resulted in relatively low levels of perceived correlation with 

adaptive capacity, compared to that for exposure and sensitivity. 

Therefore, the resulting seaport composite indices of vulnerability do not 

include indicators for adaptive capacity. Regional distribution of port 

vulnerability was measured with the composite indices of seaport exposure 

and sensitivity to climate and extreme weather resulting from aggregating 

the selected weighted indicators. The results of the IBVA methodology 

were validated by comparison to a subjective expert-ranking of ports by 

perceived vulnerability to climate and extreme weather. The AHP-

generated ranking matched three of the top-4 most vulnerable ports as 

assessed subjectively by port experts showing strong promise as a 

methodological approach for measuring seaport vulnerability to climate 

and extreme weather events. 

In conclusion, a new methodology to measure relative vulnerability to 

climate and extreme weather can advance the goals of the USACE by 

informing efforts and plans to prioritize and allocate limited resources to 

increase the climate resilience of seaports. Results of the research reported 

here suggest that while indicator-based methods show promise for 
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differentiating outlier ports among a sample in terms of climate 

vulnerability, challenges remain. For instance, adaptive capacity indicators 

lacked expert-perceived correlation with the open-data indicators 

identified, suggesting that improvements in the standardized reporting 

and sharing of port data or identifying other less quantitative means of 

assessing adaptive capacity may be warranted. 

Results of this research point to several next steps needed to enhance the 

ability to compare and assess seaport climate vulnerability. Researchers 

recommend that future efforts focus on the development of methods to 

comparatively measure portsô adaptive capacity. Port experts weight 

adaptive capacity high in importance with respect to seaport climate 

vulnerability, yet adaptive capacity lacks expert-supported representation 

in the available data. Because results of the Visual Analogue Survey 

indicate that port-specific data are preferred by experts for representing 

adaptive capacity, researchers recommend that non-open (i.e., 

proprietary) port-specific data be explored for this purpose where 

possible. Additionally, researchers recommend that next steps involve the 

investigation of what types of bespoke data (e.g., Geographic Information 

System analysis of port elevation or proprietary non-open-data sources) 

might be synthesized into new, additional, or supplementary indicators. 
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1 Introduction 1 

At a national and regional scale, understanding how climate and storm 

events at maritime freight nodes (i.e., coastal ports) can help decision-

makers evaluate how port-related investments impact the greater 

economy, the ecosystems in which ports reside (NRC 2009), and the level 

of resilience inherent to a port system. This understanding can lead to 

better decisions to increase resilience and coastal protection. 

The vulnerability of seaports to climate and extreme weather can be 

measured in different ways; some studies have focused on the assessment 

of exposure only (Hanson et al. 2010; Nicholls et al. 2008); others have 

assessed port vulnerability at the single-port scale (NOAA 2015; Sempier 

et al. 2010; Morris and Sempier 2016); others have enlisted indicators as 

measures of relative port-performance. However, difficulty remains for 

describing the distribution of relative port climate vulnerability across 

multiple ports in a region. Climate and extreme weather are already 

affecting coastal infrastructure in the United States (Melillo et al. 2014). 

The threats include sea level rise, heavy downpours, and extreme heat. 

Impacts are expected to worsen over time; thus, the regional distribution 

of relative vulnerability of seaports in the North Atlantic to these impacts 

can assist planning priorities toward more resilient marine transportation. 

When comparing vulnerabilities of multiple 

disparate systems, Indicator-Based 

Vulnerability Assessment (IBVA) methods 

can (1) provide a (semi) objective measure 

based on an aggregate of expertsô opinions of 

an indicatorôs value, which is then applied to 

a group of ports, as opposed to an individual 

person guessing about the vulnerability of 

any one particular port; (2) allow 

measurable comparison that can be applied 

to other ports or used to evaluate level of 

                                                                 

1 Portions of this chapter reproduced from Duncan McIntosh, R. Duncan, and A. Becker. 2017. òSeaport 

Climate Vulnerability Assessment at the Multi-port Scale: A Review of Approaches.ó Resilience and 

Risk: Methods and Application in Environment, Cyber and Social Domains, edited by I. Linkov and J. M. 

Palma-Oliveira, 205-224. Springer Netherlands, Dordrecht. 
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vulnerability over time; and (3) allow investigations of the components 

and determinants of vulnerability levels. These standardized metrics allow 

for high-level analysis to identify areas or systems of concern. To advance 

IBVA for the seaport sector, this study investigated the suitability of 

publicly available open-data sources, generally collected for other 

purposes, to serve as indicators of climate and extreme-weather 

vulnerability for 22 major seaports in the Northeast United States, 

addressing the following question: Can the current state of data be utilized 

to develop expert-supported vulnerability indicators for a regional sample 

of ports? 

This research contributes to a better understanding of the regional 

distribution of climate and extreme weather vulnerability across 22 North 

Atlantic ports to inform transportation resilience and climate and extreme 

weather adaptation planning. Results will serve as an entry point to inform 

the Marine Transportation System (MTS) decision-makers in the U.S. 

Army Corps of Engineers (USACE) and other agencies about the nature of 

seaport vulnerabilities to climate and extreme weather, the components 

and determinants of those vulnerabilities, the mechanisms through which 

a port is vulnerable, and the suitability of available data to serve as high-

level indicators of seaport climate and extreme weather vulnerability.  

Although this report focuses specifically on ports, these ports form part of 

a larger multi-modal network (i.e., the MTS). This approach considers the 

port as a system composed of on-site port infrastructure and equipment, 

water side components (approach channels), hinterland road and rail 

connections, as well as the surrounding natural environment and its local 

communities. 

1.1 Report organization and research design 

This contract report is organized into six chapters.  

Chapter 1 provides background, terminology, and a description of the 

research design for the development of the composite indices of seaport 

vulnerability. 

Chapter 2 describes the process of identifying and refining a set of 

candidate indicators from open-data sources. The search for candidate 

indicators was driven by the definition of climate vulnerability as defined 

by the Intergovernmental Panel for Climate Change (IPCC). Indicators are 
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measurable, observable quantities that serve as proxies for an aspect of a 

system that cannot itself be directly, or precisely, measured (Gallopin 1997; 

Hinkel 2011). Indicators were identified by reviewing the Climate Change 

Vulnerability Assessment (CCVA) and seaport studies literature. Indicators 

were sought for their potential to represent one of the three components of 

vulnerability outlined by the IPCC: exposure, sensitivity, and adaptive 

capacity (IPCC 2012). From the initial literature search, 108 candidate 

indicators were identified within 20 open-source databases (hosted in seven 

federal agencies and one higher education institution webpage). Of these, 

48 candidate indicators were found to contain data for the USACE North 

Atlantic Division (CENAD) sample of ports. These 48 candidate indicators 

were then presented to members of the U.S. Committee for Marine 

Transportation System, Resilience Integrated Action Team (RIAT). The 

MTS RIAT was established to focus on cross-federal agency knowledge co-

production and governance to incorporate the concepts of resilience into the 

operation and management of the U.S. MTS (Touzinsky et al. 2018). Using a 

Mind mapÉ, an organized diagram that allows the visualization of ideas 

(Mindmap.com 2017), the RIAT could visualize each candidate indicator 

hierarchically linked to the components of climate vulnerability. The RIAT 

experts helped the researcher team eliminate candidate indicators with low 

perceived correlation with the components of climate vulnerability for 

seaports. Thirty-four indicators were selected via the Mind mappingÉ 

exercise with the RIAT team of experts. 

Chapter 3 describes the process of evaluating the set of 34 candidate 

indicators via a Visual Analogue Scale (VAS) survey where experts 

evaluated each indicator for perceived correlation with each of the three 

components of vulnerability, as mentioned above. This chapter present a 

measure of expert-perceived correlation with the components of seaport 

climate vulnerability for each of the 34 candidate indicators. 

Chapter 4 describes the application of the expert Analytic Hierarchy 

Process (AHP) to develop weights for the top-scoring vulnerability 

indicators as evaluated via the VAS survey described in Chapter 3. Because 

the port expert respondents found stronger correlation between candidate 

indicators for the exposure and sensitivity vulnerability components of a 

port than for indicators for the adaptive capacity, the AHP exercise did not 

include this last component.  
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Chapter 5 discusses how the weighted indicators were aggregated to 

generate a prototype composite index of seaport exposure and sensitivity to 

climate and extreme weather for the 22 ports in this study. From the initial 

assessment, the results were validated by comparing the rank order to a 

subjective expert-ranking of ports based on perceived vulnerability to 

climate and extreme weather. The AHP-generated ranking matched three of 

the top-4 most vulnerable ports as assessed subjectively by port experts.  

Chapter 6 summarizes the conclusion from this study, which found that 

the development of weighted algorithms and composite indices, based on 

open-data, for seaport relative vulnerability to climate and extreme 

weather can advance the goals of the Marine Transportation System 

(MTS) of the USACE by informing efforts and plans to prioritize and 

allocate limited resources to increase the climate-resilient seaports.  

1.2 Background  

1.2.1 Vulnerability of seaports1 

The primary function of a port is the transfer of cargo and/or passengers 

between a waterway and the shore (Talley 2009), but todayôs ports are 

more than simply a system of channels, wharves, and multi-modal 

connections. Ports link international supply-chains and are critical to the 

global economy and trading system (Figure 1). At the same time, many 

U.S. ports are highly vulnerable to a range of climate-related impacts, 

including temporary and permanent flooding arising from sea level rise, 

high winds, and storm surges (Hanson et al. 2010; Asariotis et al. 2017). 

Service disruptions alone can cause total economic losses in the billions of 

dollars (Haveman and Shatz 2006; Lloyds 2017) and can have second-

order consequences, not only for the regional economy and the quality of 

life of those who depend on the portôs functionality but also for the 

operation of supply chains (Figure 1). 

                                                                 

1Portions of this chapter reproduced from Duncan McIntosh, R. Duncan, and A. Becker. 2017. òSeaport 

Climate Vulnerability Assessment at the Multi-port Scale: A Review of Approaches.ó Resilience and Risk: 

Methods and Application in Environment, Cyber and Social Domains, edited by I. Linkov and J. M. 

Palma-Oliveira, 205-224. Springer Netherlands, Dordrecht. 
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Figure 1. Ports are critical to the U.S. national economies, global trade, and national security. 

Photo: Port of Camden-Gloucester, N.J. (photo by Elizabeth L. Mclean, 2018). 

 

Seaports represent spatially defined, large-scale, coast-dependent 

infrastructure with high exposure to projected impacts of global climate 

change and extreme weather impacts (Becker et al. 2013; Hanson et al. 

2010; Melillo et al. 2014). Since 90% of global trade is carried by sea (IMO 

2012), a disruption to port activities can interrupt supply chains and have 

far-reaching consequences (Becker et al. 2011; Becker et al. 2013; IPCC 

2014a).  

Among climate change vulnerability, resilience, and risk assessment 

methods applied to seaports, most efforts to date have been limited in 

scope to exposure-only assessments (Hanson et al. 2010; Nicholls et al. 

2008; Klein et al. 2003), limited in scale to a single port (either as case 

studies (Koppe 2012; Cox et al. 2013; USDOT 2014; Messner et al. 2013; 

Chhetri et al. 2014; Stenek et al. 2011; Peris-Mora et al. 2005) or as self-

assessment tools (Sempier et al. 2010; Morris and Sempier 2016; Roos 

and Kliemann Neto 2017; NOAA 2015). 

The stakeholders who depend upon the port functionality are diverse, as 

ports serve as profit centers for a variety of businesses, including shippers, 

shipping agents, energy companies, importers and exporters, and port 

authorities. They facilitate the transport of energy resources, building 

materials, finished products, and chemicals. Ports also share ecologically 

sensitive coastlines with other stakeholders, such as commercial and 

recreational users. Ports may also be considered a cultural element, 
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embedded within and held accountable for the goals of a larger society 

(Burroughs 2005). 

1.2.2 Terminology 

In portôs IBVA, indicators are measurable, observable quantities that 

serve as proxies for an aspect of a system that cannot itself be directly, 

adequately measured (Gallopin 1997; Hinkel 2011). Indicator-based 

assessment methods are generally applied to assess or measure features 

of a system that are described by theoretical concepts. Directly 

immeasurable, concepts such as resilience and vulnerability are instead 

made operational by mapping them to functions of observable variables 

called indicators (McIntosh 2018). 

Vulnerability is defined as a function of the character, magnitude, and rate 

of climate and extreme weather change and variation to which a system is 

exposed, its sensitivity, and its adaptive capacity (IPCC 2001) (Figure 2). 

 Figure 2. The three components of vulnerability. 

 

Exposure: The presence of people, livelihoods, species or ecosystems, 

environmental functions, services, and resources, infrastructure, or 

economic, social, or cultural assets in places and settings that could be 

adversely affected (IPCC 2014a). For ports, high exposure to climate and 

extreme weather events would be one that, for example, when the port is 

in an area prone to hurricanes or with a higher than average rate of sea 

level change. For example, U.S. East Coast ports are thought to have 

higher exposure to tropical storms than U.S. West Coast ports (Figure 3) 

whereas West Coast ports have higher exposure to earthquakes. 
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Figure 3. Exposure of ports relative to proximity of historical tropical storms. 

 

Sensitivity: The degree to which a system is affected, either adversely or 

beneficially, by climate-related stimuli (IPCC 2001). An example of a port 

structure with a high level of sensitivity to climate and extreme weather 

events would be an old wooden pier built over a century ago and in poor 

repair. This pier would be more susceptible to damage from a future storm 

event. A low level of sensitivity would be a newly constructed cement pier 

built to todayôs design standards (Figure 4). Note that in this example, the 

exposure for both structures could be the same, but due to its higher 

sensitivity, the wooden pier would be more vulnerable.  

Figure 4. Examples of high (left) and low (right) levels of port sensitivity relative to its 

infrastructure construction materials and age. 

 

Adaptive capacity: The ability of systems, institutions, humans and other 

organisms to adjust to potential damage, to take advantage of 

opportunities, or to respond to consequences (IPCC 2014a). For ports, 
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higher adaptive capacity could be represented by a higher level of 

resources available to invest in resilience (Figure 5), or a port with a robust 

resilience plan and a staff position dedicated to resilience might be 

considered to have a higher adaptive capacity. A port that is struggling to 

make a profit with short planning horizons might be thought of as having a 

lower adaptive capacity. 

 Figure 5. Decision-makers use resources to plan for resilience. 

 

Risk: A measure of the potential for consequences where something of 

value is at stake and where the outcome is uncertain (IPCC 2014b). Risk 

can be quantitatively modeled as Risk = p (L), where L is potential loss and 

p the probability of occurrence. However, both can be speculative and 

difficult to measure in the climate-risk context. Risk, in the context of 

climate change, is often defined similarly to vulnerability (Preston 2012; 

IPCC 2014a), but ð as seen in the equation ð with the added component 

of probability, thus making vulnerability a component of risk. From the 

risk analysis perspective, the indicators developed by this research focus 

on measuring the potential loss ñLò rather than the probability ñp.ò From 

the CCVA perspective, indicators are developed to measure vulnerability 

based on the three components, but not in relation to likelihood nor 

probability of occurrence.  

Resilience: As defined by the IPCC, resilience is ñthe capacity of social, 

economic and environmental systems to cope with a hazardous event or 

We have 

resources to 

plan for 

resilience.  
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trend or disturbance, responding or reorganizing in ways that maintain 

their essential functionò (IPCC 2014b). More recently, Schultz and Smith 

(2016) defined it as ñthe ability to anticipate, prepare for, and adapt to 

changing conditions and withstand, respond to, and recover rapidly from 

disruptions.ò Most working definitions of 

resilience involve a process that begins before 

a hazardous impact occurs, including temporal 

periods for during and after the impact. While 

this research will further the development of 

indicators of seaport climate and extreme 

weather vulnerability, the objective is that by 

increasing the understanding of the regional 

distribution of seaport climate and extreme 

weather vulnerability, the overall resilience of 

the MTS1 can be enhanced. 

Other terminology used in this study is defined in Appendix A. 

1.2.3 Vulnerability assessments 

The IPCC describes the vulnerability and risk assessment as ñthe first step 

for risk reduction, prevention, as well as climate adaptation in the context 

of extremes.ò (IPCC 2012). Similarly, the U.S. National Climate 

Assessment considers vulnerability and risk assessment as an ñespecially 

importantò area in consideration of adaptation strategies in the 

transportation sector (Melillo et al. 2014).  

Port decision-makers, including port managers and federal agencies, 

manage risks for a diverse array of stakeholders, not only in ports but also 

in private firms and areas of public interest. In the context of climate 

change and extreme risks, port managers may consider the uninterrupted 

operations of their port the number-one priority. However, at the multi-

port (regional or national) scale, policy-makers will need to prioritize 

competing port adaptation needs to maximize the efficiency of limited 

physical and financial resources, and to address the resilience of the 

marine transportation system as a whole. 

                                                                 

1 The MTS consists of waterways, ports, and inter-modal land-side connections that allow the various 

modes of transportation to move people and goods to, from, and on the water MARAD. 2016. Marine 

Transportation System (MTS) [Online]. Washington, DC: Maritime Administration. Available at 

https://www.marad.dot.gov/ports/marine-transportation-system-mts/ . Accessed 5/25/2016. . 
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1.2.4 Single vs. multi-seaport assessments 

In 2010, Hanson et al. (2010) made positive progress in the area of climate 

change vulnerability assessment by looking at the exposure of 136 

international port cities with over one million inhabitants exposed to 

flooding in 2005. Their case study considered exposure for present day 

100-year floods including six additional predicted future flooding 

scenarios. Using semi-empirical values of the number of people and 2005-

dollar value of assets, researchers were able to calculate exposure. 

However, producing more concrete calculations was difficult due to scale. 

This is one of many examples of seaport vulnerability and risk assessment 

methods that are limited to exposure-only assessments (Hanson et al. 

2010; Nicholls et al. 2008), limited in scale to a single port, presented as 

case studies (Koppe et al. 2012; Cox et al. 2013; USDOT 2014; Messner et 

al. 2013; Chhetri et al. 2014), or presented as self-assessment tools (NOAA 

OCM 2015; Sempier et al. 2010; Morris and Sempier 2016). While single-

port scale CCVA inform decisions within the domain of one port (e.g., 

Which specific adaptations are recommended for my port?), a CCVA 

approach that objectively compares the relative vulnerabilities of multiple 

ports in a region could support Climate Impact Adaptation and 

Vulnerability decisions at the multi-port scale (e.g., Which ports in a 

region are the most vulnerable and urgently in need of adaptation?). The 

focus on individual port scale assessments presents a challenge for how to 

assess the regional distribution of climate and extreme weather 

vulnerabilities across multiple ports. 

While self-assessment methods can yield valuable stakeholder insight into 

the state of an individual seaport, they are context-specific and therefore, 

not readily applicable to comparative analyses across seaports. Mixed 

quantitative and qualitative methods allow for a deeper understanding of 

individualsô or groupsô perceptions of vulnerability.  

At the multi-port scale, an evaluation of relative climate and extreme 

weather-vulnerabilities or the distribution of those vulnerabilities among a 

regional or national set of ports requires standard measures (i.e., 

indicators or metrics). As an example, the Port Performance Indicators: 

Selection and Measurement program aims to develop indicators that allow 

the port industry to measure, assess, and communicate the impact of the 

European port system on society, the environment, and the economy 

(ESPO 2010).  
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Resiliency of systems are routinely measured at the engineering level. 

These efforts are challenged by difficulty of agreement on a quantifiable 

measure and the integration of uncertainty (Yodo and Wang 2016). 

Concepts of resilience and risk can be mapped using functions of 

observable variables called indicators. Given that indicators serve as 

proxies (Gallopin 1997; Hinkel 2011), indicator-based assessment methods 

are generally applied to assess or measure features of a system that are 

described by theoretical concepts.  

To measure relative vulnerability across multiple ports, or to predict a 

portôs climate and extreme weather resilience, port vulnerability indicators 

are considered. The indicator-based assessment process consists of two or 

sometimes three steps: (1) defining the response to be indicated, (2) 

selecting the indicators, and (3) aggregating the indicators (Hinkel 2011). 

Step three is sometimes omitted, but it is fundamental for generating a 

numerical score or creating a comparative index.  

 

The remainder of this report describes the methods developed and tested 

to identify, evaluate, and implement the vulnerability index approach. 

The Value of Seaport Climate and Extreme Weather 

Vulnerability Indicators 

On a national and regional scale, evaluation of port-related investment 

proposals for restoring ecosystems and sustaining navigation will 

require an understanding of how climate and storm events at maritime 

freight nodes (i.e., coastal ports) impact the greater economy and 

ecosystems in which ports reside (NRC 2009) and the level of resilience 

inherent to a port system. For comparative studies, the data used as 

indicators need to hold similar standards and scale. By identifying and 

refining a set of high-level vulnerability indicators of seaport climate 

and extreme weather vulnerability, the availability and suitability of 

data to differentiate portsô relative vulnerability within a region can be 

better understood. 
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2 Identification of Candidate Indicators of 

Seaport Vulnerability to Climate  and 

Extreme Weather  

2.1 Introduction  

This Chapter 2 describes the method for identifying candidate indicators 

for seaport vulnerability (i.e., exposure, sensitivity, and adaptive capacity, 

Figure 6). It begins with a description of approaches to indicator-based 

assessment and applicability to the seaport sector. Next, it describes the 

method used to identify candidate indicators through a web and literature-

based search and the verification of data availability for the studied ports. 

It then provides an overview of how experts participated in a Mind 

mappingÉ exercise (see Appendix B) to vet the candidate indicators and 

narrow the list to a size that could be evaluated through a VAS process in 

an online survey described in Chapter 3. 

Figure 6. Research design with steps allocated into four chapters of this report. Chapter 2 

focuses on the first three steps. 

 

2.1.1 Indicator-based assessments  

The indicator-based assessment process (Hinkel 2011) consists of two or 

sometimes three steps: (1) defining the response to be indicated, (2) 

selecting the indicators, and (3) aggregating1 the indicators. (Hinkel 2011) 

describes three kinds of arguments for developing vulnerability indicators 

and notes that development of indicators generally combines different 

                                                                 

1 This step is sometimes omitted but necessary to yield a heat map or create a comparative index. 
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types such as (1) deductive indicators that are based on existing theory, (2) 

inductive indicators that are based on data of both the indicating variables 

as well as observed harm, and (3) normative indicators that are based on 

stakeholderôs value judgments. 

Accordingly, the approach described in this work begins with the 

application of a deductive argument, meaning that the selection of 

vulnerability indicators is grounded in the framework established in the 

third assessment report of the Intergovernmental Panel on Climate Change 

(IPCC 2001). The IPCC report defined climate change vulnerability in terms 

of three components: exposure, sensitivity, and adaptive capacity. The 

expert-elicitation process can be described as a normative approach because 

it seeks expertsô consensus based on the value judgments required to 

determine perceived correlation between the candidate indicators and the 

components of vulnerability initially identified.  

2.1.2 Expert elicitation  

Expert elicitation has become a common approach for the indicator 

development process, and examples include the ñnew indicators of 

vulnerability and adaptive capacityò (Adger et al. 2004), ñdeterminants of 

vulnerability and adaptive capacity at the national levelò (Brooks et al. 

2005), climate change vulnerability for South Korea (Kim and Chung 

2013), performance appraisal indicators for mobility of the service (Seijger 

et al. 2014) industries (Kuo and Chen 2008), and indicators for fisheries 

management (Rice and Rochet 2005) among others. Additionally, 

research indicates that involving stakeholders 

in the process of developing knowledge 

systems (White et al. 2010; Schroth et al. 2011) 

(i.e., decision support tools) can lead to 

improvements in their perceived credibility, 

salience, and legitimacy (Seijger et al. 2014; 

Akompab et al. 2012) 

The IPCC considers indicators an important 

part of vulnerability and risk analysis and 

recommends that quantitative approaches be 

complemented with qualitative approaches to 

capture the full complexity of climate 

vulnerability in its different dimensions 

(environmental, social, economic) 

This investigation 

contribut es to the 

ongoing work of 

developing climate 

change vulnerability 

assessment indicators by 

applying expert -

elicitation methods to 

develop and evaluate a set 

of indicators for each of 

the three components of 

seaport climate 
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(IPCC 2014a). This investigation contributes to the ongoing work of 

developing CCVA indicators by applying expert-elicitation methods to 

develop and evaluate a set of indicators for each of the three components of 

seaport climate vulnerability. 

To date there have been relatively few examples of comparative CCVA for 

the seaport sector (McIntosh 2018). Most indicator-based assessments for 

ports have stopped short of a comparative CCVA1 (e.g., the elevation-based 

exposure-only assessment of global port cities [Nicholls et al. 2008]) or 

have focused on assessing other concepts (e.g., which aimed to measure 

port performance [ESPO 2012]). While understanding how a port or a port-

cityôs elevation affects its exposure to climate-impacts like sea level rise 

(SLR), it is only one piece of the puzzle that describes how a port is or is not 

vulnerable to climate and extreme weather. By assessing the sensitivity and 

adaptive capacity of a port along with its exposure to a wide array of impacts 

in addition to SLR, a more complete picture of the mechanisms and drivers 

of seaport climate vulnerability may be better understood. 

As port decision-makers face climate and extreme weather impacts and 

make adaptation and vulnerability1 decisions, CCVA support those 

decisions (IPCC 2014a). This process can generate dialog among 

stakeholders and practitioners on planning and implementation of needed 

adaptation measures. Such assessments can be made at the single-port 

scale, or at the multi-port scale, with each approach having benefits for 

different decision-makers. 

2.2 Methodology  

Rather than taking a purely theoretical approach to developing indicators 

(e.g., that used in the development of the Social Vulnerability Index 

[SoVI] [Cutter et al. 2003]), this work takes a stakeholder-driven 

approach to a vulnerability indicator development by including port 

experts in the selection, evaluation, and weighting of the indicators. 

According to previous works, stakeholder-driven approaches increase the 

creditability of the indicators as tools (Barnett et al. 2008; Sagar and 

Najam 1998). By including stakeholders in the design-stage of decision-

support tools or boundary-object development, the stakeholdersô 

                                                                 

1 CCVA decisions are choices, the results of which are expected to affect or be affected by the 

interactions of the changing climate with ecological, economic, and social systems. 
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perceptions of the credibility, salience, and legitimacy of the tool can be 

increased (White et al. 2010). 

For evaluating candidate indicators of seaport vulnerability, this research 

took a holistic approach to vulnerability assessment by considering 

impacts that extend beyond the borders of the port property. To that end, 

this research, in the identification and evaluation of the candidate 

indicators, considered potential multimodal vulnerabilities at the port 

location as well as impacts to a portôs surrounding community and 

economy (socio-economic systems) and ecological and environmental 

surroundings (environmental systems). 

The selection and evaluation of indicators involved three steps, which will 

be described in the following sections: 

Step 1. Literature review to compile candidate indicators  
Step 2. Vetting for data availability  
Step 3. Mind  mapping ©  exercise.  

This research focuses on the 9 high-use and 13 medium-use ports 

(Table 1) found in the CENAD1 as the sample population for which to 

develop indicators (Figure 7). The U.S. Army Engineer Research and 

Development Center has expressed an interest in piloting port resilience 

and vulnerability assessment methods with high-use ports2 and by 

adding medium-use ports and restricting the selection to the Northeast 

region, researchers were able to create a manageable sample of 22 ports.  

                                                                 

1 The North Atlantic Division is one of nine USACE divisions and encompasses the U.S. Eastern Seaboard 

from Virginia to Maine (USACE 2019).  

2 Dr. Julie Rosati, U.S. Army Engineer Research and Development Center, Coastal and Hydraulics 

Laboratory, Personal communication, February 2015. 
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Table 1. Nine high-use ports (> 10 million tons, dark blue) and 13 medium-use ports (1 to 10 

million tons, light blue) in the North Atlantic Region, 2015. 

 
Source: http://www.navigationdatacenter.us/wcsc/portname15.html 

NO. PORT NAME STATE TOTAL TONS

1 New York NY and NJ 123,323,000

2 Norfolk Harbor VA 48,893,600

3 Baltimore MD 36,578,800

4 Philadelphia PA 26,046,300

5 Paulsboro NJ 19,122,100

6 Boston MA 17,087,800

7 Portland ME 12,039,600

8 Marcus Hook PA 11,925,400

9 Albany NY  11,021,200

10 New Haven CT 8,350,900

11 Providence RI 7,749,520

12 New Castle DE 6,918,900

13 Wilmington DE 6,146,100

14 Camdem-Glaucester NJ 5,536,810

15 Portsmouth NH 2,679,150

16 Penn Manor PA 2,586,130

17 Bridgeport CT 1,805,580

18 Searsport ME 1,457,540

19 Port Jefferson NY  1,437,880

20 Falls River MA 1,366,630

21 Chester PA 1,306,040

22 Hopewell VA 1,027,150

http://www.navigationdatacenter.us/wcsc/portname15.html
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Figure 7. The 22 medium-use (blue dots) and high-use (magenta dots) ports in the 

North Atlantic based on USACE CENAD data from 2015. 

 

The proximity of these ports to the University of Rhode Island allowed the 

team to ground-truth some of the research through site visits and 

interviews. Results of these interviews will follow in a subsequent report. 

Though this assessment was tailored for the New England region, the 

framework was developed with the intent that it could be applicable (with 

modifications) to other regions. 

2.2.1 Step 1: Literature review to compile candidate indicators 

Candidate indicators of seaport climate and extreme weather vulnerability 

were first identified from an extensive literature review of the CCVA and 

seaport studies researched in the literature. Indicators were sought for 
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their potential to represent one of the three components of vulnerability: 

exposure, sensitivity, and adaptive capacity. These three components were 

considered in terms of weather extremes, variability, projected climate 

changes, and the impacts of these stressors on seaports and their 

associated socioeconomic and environmental systems.  

The exposure component of vulnerability captures the geographic 

proximity of a port to projected climate and extreme weather impacts, 

while the sensitivity component captures the degree to which a port is 

affected by those impacts. Adaptive capacity indicators are not specific to 

individual climate impacts (USDOT 2014) but capture a portôs ability to 

cope with and respond to stress by measuring redundancies within the 

port, duration of downtime, and ability to bounce back quickly. Other 

examples of candidate indicators for adaptive capacity include port 

throughput value, budgets, planning processes, and resilience budgets. 

The 108 candidate indicators are described in more detail in a spreadsheet 

linked through the University of Rhode Island Digital Commons online 

repository (for access, visit hyperlinked address at URI ð Digital Commons). The 

48 candidate indicators found to contain appropriate data for analysis of 

the North Atlantic ports in this study are further described in Appendix C 

of this report. 

2.2.2 Step 2: Vetting for data availability  

Any candidate indicators identified in the literature review were vetted for 

data availability. Several criteria were necessary for data to qualify for use 

in this study. First, the indicators and their dataset needed to be available 

from open-data sources. Next, datasets needed to be represented across 

the sample set of ports. If a particular dataset was not available across at 

least 16 of 22 ports, it was left out of the analysis. New data were not 

created or collected for this research, although future studies could 

enhance this assessment through the addition of new data such as age of 

structures, slope and elevation, individual port plans, and individual port 

budgets. Collecting such data was outside the scope of the project and 

presents numerous questions. For example, to collect age of structures or 

conduct a ground elevation analysis, decisions would need to be made 

about what is and is not part of the port. Since this study considered the 

port to be a system, numerous terminals and facilities might be included in 

each port. An elevation analysis would need to determine the bounds for 

each of these facilities, as well as which should be considered part of the 

http://digitalcommons.uri.edu/maf_data/2/
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port. Individual port plans or budgets would similarly need to be assessed 

in a way that could facilitate inter-port comparisons.  

Once identified, candidate indicators were vetted for their data 

availability from open-data sources. Adopting open-data for indicator 

development increases transparency, facilitates reproducibility, and can 

enhance reliability when using standardized data sources (Janssen et al. 

2012; CMTS 2015). Only those indicators with data available for at least 

16 of the studyôs sample of 22 ports were retained for further study. The 

108 candidate indicators of seaport climate-exposure, sensitivity, and 

adaptive capacity that were investigated during this first step, as well as 

each indicatorôs preliminary categorization, were presented in the 

University of Rhode Islandôs URI ð Digital Commons and its open-data source 

are in Appendix C. Additionally, a summary and description of the open-

data sources are also presented in Appendix D and Appendix E. 

These candidate indicators include a mix of ñplace-basedò indicators that 

measure vulnerability of place at the county scale, as seen in the 

ñhazards-of-placeò model of vulnerability (Cutter 1996b; Cutter et al. 

2008; Cutter et al. 2010), e.g., population inside floodplain, and port-

specific indicators that measure vulnerability via a characteristic of the 

port itself, e.g., containership capacity. For a comprehensive review of 

the data sources used, see the metadata spreadsheet in the URI ð Digital 

Commons. Of the 108 candidate indicators originally compiled, 48 (24 

place-based and 24 port-specific) were found to have sufficient data 

available for the 22 sample ports. 

2.2.3 Step 3: Mind mapping© exercise to refine the set of candidate 

 indicators 

After compiling the 48 candidate indicators that were deemed to have 

sufficient data availability, researchers mapped them to the components of 

seaport climate vulnerability using the Mind mappingÉ software 

FreeMind1. On the Mind mapsÉ, each of the 48 candidate indicators with 

available data was hierarchically mapped to one of the three components 

of vulnerability, and for each indicator, the research team provided its 

description, data source, and units (Figure 8). 

                                                                 

1 Muller, J., D. Polansky, P. Novak, C. Foltin, and D. Polivaev. 2013. FreeMind ð Free Mind Mapping and 

Knowledge Building Software. http://freemind.sourceforge.net/wiki/index.php/Main_Page 

http://digitalcommons.uri.edu/maf_data/2/
http://digitalcommons.uri.edu/maf_data/2/
http://digitalcommons.uri.edu/maf_data/2/
http://freemind.sourceforge.net/wiki/index.php/Main_Page
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Figure 8. Mind map legend presenting each indicator hierarchically mapped to a component 

of vulnerability. The Mind map also listed a description, data source, and units for each 

indicator. 

 

Researchers held a workshop on 9 November 20161 with nine members of 

the RIAT2 of the United States Committee on the Marine Transportation 

System3 (U.S. CMTS) in Washington, DC, to elicit MTS-expertsô opinions 

on which of the candidate indicators to include in the VAS survey 

instrument. For each candidate indicator, experts denoted with a plus or a 

minus whether an increase in that indicator correlates to an increase or 

decrease in the component of vulnerability it was mapped to, or with a 

zero if no correlation could be determined. In addition to evaluating the 48 

candidate indicators with sufficient data availability, participants 

brainstormed other potential data sources for those indicators without 

sufficient data and suggested additional indicators that may have been 

overlooked (Appendix F). 

The Mind mapping exercise concluded with 14 candidate indicators 

marked as having no correlation to vulnerability, 25 marked as having 

positive correlation, and 9 as having negative correlations. Because of the 

Mind mapping exercise, 34 candidate indicators were selected to be 

evaluated in the next round, which consisted of a VAS expert survey 

(described in Chapter 3) distributed to a larger group. Of these 34 

indicators, 14 were port-specific and 20 were place-based indicators. They 

are listed alphabetically, along with descriptions, units, and data sources 

in (Table 2). For a more comprehensive description of each of the 34 

indicators see the summary compilation in URI ð Digital Commons.  

                                                                 

1 Workshop notes were submitted to USACE on 11/10/2016. 

2 The MTS RIAT was established to focus on cross-federal agency knowledge co-production and 

governance to incorporate the concepts of resilience into the operation and management of the U.S. 

MTS. 

3 The U.S. CMTS is a federal Cabinet-level, inter-departmental committee chaired by the Secretary of 

Transportation. The purpose of the CMTS is to create a partnership of federal departments and 

agencies with responsibility for the MTS. 

http://digitalcommons.uri.edu/maf_data/2/
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Table 2. Thirty-four candidate indicators selected via Mind mapping exercise for inclusion in 

the VAS survey, with each indicatorõs description, units, and data source. Port-specific 

candidate indicators in bold. 

Indicator Description Units Data Source 

Air.Pollution.Days 

Number of Days with Air 

Quality Index value greater 

than 100 for the port city 

Days 

U.S. Environmental 

Protection Agency (EPA) 

Air Quality Report 

Average.Cost.of.Hazmat.Incidents 

Average cost per incident of 

total damage from the 10 

most costly Hazardous 

Materials Incidents in the 

port city since 2007 

$ 

U.S. Department of 

Transportation (DOT) 

Pipeline and Hazardous 

Materials Safety 

Administration 

Average.Cost.of.Storm.Events 

Average cost of property 

damage from storm events 

in the port county since 

1950 with property damage 

> $1 Million 

$ 

National Oceanic and 

Atmospheric 

Administration (NOAA) 

Storm Events Database 

Channel.Depth 

The controlling depth of the 

principal or deepest channel 

at chart datum 

A (over 76 

feet [ft]) to Q 

(0 ð 5 ft) in 5 

ft increments 

World Port Index (Pub 

150) 

Containership.Capacity Container Vessel Capacity 

calls x Dead 

Weight Total 

(DWT) 

Marine Administration 

(MARAD): Vessel Calls at 

U.S. Ports by Vessel Type 

Disaster.Housing.Assistance 

The total disaster housing 

assistance of Presidential 

Disaster Declarations for the 

port county since 1953 

Declarations 

Federal Emergency 

Management Agency 

(FEMA): Disaster 

Declarations 

Entrance.Restrictions 
Presence or absence of 

entrance restrictions 

Tide, Swell, 

Ice, Other 

World Port Index (Pub 

150) 

Environmental.Index 

Environmental Sensitivity 

Index (ESI) shoreline 

sensitivity to an oil spill for 

the most sensitive shoreline 

within the port 

ESI Rank 

(1.00 - 10.83) 

NOAA Office of Response 

and Restoration 

Gas.Carrier.Capacity Gas Carrier Capacity calls x DWT 
MARAD: Vessel Calls at 

U.S. Ports by Vessel Type 

Harbor.Size Harbor Size 

Large, 

Medium, 

Small, Very-

Small 

World Port Index (Pub 

150) 

Hundred.Year.High.Water 

1% annual exceedance 

probability high water level 

which corresponds to the 

level that would be 

exceeded one time per 

century, for the nearest 

NOAA tide station to the port 

meters above 

mean higher 

high water 

(MHHW) 

NOAA Tides and Currents: 

Extreme Water Levels 
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Indicator Description Units Data Source 

Hundred.Year.Low.Water 

1% annual exceedance 

probability low water level 

for the nearest NOAA tide 

station to the port, which 

corresponds to the level that 

would be exceeded one time 

per century 

meters below 

mean lower 

low level 

(MLLW) 

NOAA Extreme Water 

Levels 

Marine.Transportation.GDP 

County Marine 

Transportation Gross 

Domestic Product (GDP) 

$ 
NOAA Office for Coastal 

Management 

Marine.Transportation.Jobs 

Number of Marine 

Transportation Jobs in the 

port county 

number of 

jobs 

NOAA Office for Coastal 

Management 

Number.of.Critical.Habitat.Areas 

Number of Critical Habitat 

Areas within 50 miles of the 

port 

Areas 
U.S. Fish and Wildlife 

Service 

Number.of.Cyclones 

Number of cyclones that 

have passed within 100 

nautical miles (nm) of the 

port since 1842 

Number of 

cyclones 

NOAA Historical Hurricane 

Tracks Tool 

Number.of.Disasters 

Number of Presidential 

Disaster Declarations for the 

port county since 1953 

Disaster Type 
FEMA: Disaster 

Declarations 

Number.of.Endangered.Species 

Number of Threatened or 

Endangered Species found 

in port county 

Species 
U.S. Fish & Wildlife 

Service 

Number.of.Hazmat.Incidents 

Number of Hazardous 

Materials Incidents in port 

city since 2007 

Number of 

Incidents 

U.S. DOT Pipeline and 

Hazardous Materials 

Safety Administration 

Number.of.Storm.Events 

Number of storm events in 

port county w/ property 

damage > $1M 

events 
NOAA Storm Events 

Database 

Overhead.Limits 
Presence or absence of 

overhead limitations 
Y/N 

World Port Index (Pub 

150) 

Percent.of.Bridges.Deficient 

Percent of bridges in the 

port county that are 

structurally deficient or 

functionally obsolete 

% 
US DOT FHA National 

Bridge Inventory 

Pier.Depth 

The greatest depth at chart 

datum alongside the 

respective wharf/pier. If 

there is more than one 

wharf/pier, then the one 

which has greatest usable 

depth is shown. 

A (over 76 ft) 

to Q (0 ð 5 ft) 

in 5-foot 

increments 

World Port Index (Pub 

150) 
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Indicator Description Units Data Source 

Population.Change 

Rate of population change 

(from 2000-2010) in the 

port county, expressed as a 

percent change 

% 
NOAA Office for Coastal 

Management 

Population.Inside.Floodplain 

Percent of the port county 

population living inside the 

FEMA Floodplain 

% 
NOAA Coastal County 

Snapshots 

Projected.Change.in.Days.Above.Ba

seline.Extremely.Hot.Temperature 

The percent change from 

observed baseline of the 

average number of days per 

year above baseline 

òExtremely Hotó 

temperature projected for 

the end-of-century, 

downscaled to 12 km 

resolution for the port 

location 

% 

U.S. DOT Coupled Model 

Inter-comparison Project 

(CMIP) Climate Data 

Processing Tool 

Projected.Change.in.Number.of.Extr

emely.Heavy.Precipitation.Events 

The percent change from 

observed baseline of the 

average number of 

òExtremely Heavyó 

Precipitation Events 

projected for the end-of-

century, downscaled to 12 

km resolution for the port 

location 

% 
U.S. DOT CMIP Climate 

Data Processing Tool 

Sea.Level.Trend Local Mean Sea Level Trend 

millimeters 

per year 

(mm/yr) 

NOAA Tides and Currents: 

Sea Level Trends 

Shelter.Afforded 

The shelter afforded from 

wind, sea, and swell, refers 

to the area where normal 

port operations are 

conducted, usually the 

wharf area. 

Excellent (5), 

Good (4), Fair 

(3), Poor (2), 

None (1) 

World Port Index (Pub 

150) 

SoVI.Social.Vulnerability.Score 
Port County Social 

Vulnerability (SoVI) Score 
score number 

SoVI® Social Vulnerability 

Index 

Tanker.Capacity Tanker Capacity calls x DWT 
MARAD: Vessel Calls at 

U.S. Ports by Vessel Type 

Tide.Range Mean tide range at the port feet 
World Port Index (Pub 

150) 

Tonnage Total Throughput Tons 
USACE Navigation Data 

Center (ports) 

Vessel.Capacity 
Vessel Capacity (vessels > 

10k (DWT) 
calls x DWT 

MARAD: Vessel Calls at 

U.S. Ports by Vessel Type 
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2.3 Conclusion 

A total of 108 candidate indicators were identified via the literature 

review; of these, 48 (24 place-based and 24 port-specific) had sufficient 

data for the 22 studied ports and were used in a Mind mapping exercise 

with the RIAT team. For summary information on these 48 indicators, 

please see Appendix G. Thirty-four candidate indicators were mapped and 

marked as having correlation to vulnerability, 25 marked as having 

positive correlation, and 9 candidate indicators marked as having negative 

correlation. The 34 resulting candidate indicators from the Mind mapping 

exercise were selected to be evaluated via the subsequent VAS expert 

survey: 14 of these were port-specific indicators and 20 were place-based 

indicators. A comprehensive list of all 108 indicators is available at URI ð 

Digital Commons (see also Appendix H).  

https://digitalcommons.uri.edu/maf_data/2/
https://digitalcommons.uri.edu/maf_data/2/


ERDC CR-19-2 25 

3 Expert Evaluation of Seaport Climate and 

Extreme Weather Vulnerability  Indicators  

3.1 Introduction   

To refine a set of high-level indicators of seaport 

climate and extreme weather vulnerability identified 

in Chapter 2, and to determine the suitability of 

available open-data to differentiate ports within a 

region in terms of relative climate vulnerabilities, 

researchers developed a VAS survey instrument for 

expert-evaluation of selected candidate indicators of 

seaport vulnerability to climate and extreme 

weather impacts for the 22 medium and high-use 

ports of the USACE CENAD. Chapter 3 provides an 

overview of this process and the method for further 

narrowing down the indicators through expert 

elicitation. 

3.2 Methodology 

A VAS is an instrument that measures a characteristic or an attitude that is 

believed to range across a continuum of values and cannot easily be 

directly measured (Appendix I). A VAS is usually a horizontal line, 100 

millimeters (mm) in length, anchored by word descriptors at each end, as 

illustrated in Figure 9. The respondent selects the point on the line that 

represents their perception of the question. The VAS score is determined 

by measuring in millimeters from the left-hand end of the line to the point 

that the respondent marks. As a continuous, or analogue scale, the VAS is 

differentiated from discrete scales such as Likert scale (Likert 1932) by the 

fact that a VAS contains a real distance measure, and as such, a wider 

range of statistical methods can be applied to the measurement. 

Figure 9. VAS slider for indicating expert-perceived correlation between a candidate indicator 

and each of the components of vulnerability. 
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3.2.1 Selection of experts for Visual Analogue Scale (VAS) survey 

Because expert elicitation relies on expertôs knowledge rather than a 

statistical sample, the selection of qualified experts is considered one of 

most crucial steps in the process for insuring the internal validity of the 

research (Delbecq et al. 1975; Hasson et al. 2000; Keeney et al. 2006; 

Okoli and Pawlowski 2004). Candidates for the port expert group were 

selected according to recommended best practices in expert selection 

developed by Delbecq et al. (1975) and expanded by Okoli and Pawlowski 

(2004). Researchers first prepared a Knowledge Resource Nomination 

Worksheet (KRNW) modified from Okoli and Pawlowski (2004) to help 

categorize the experts prior to identifying them and to help avoid 

overlooking any important class of expert. 

The KRNW was then populated with names, beginning with the 

professional network of the research team and that of the RIAT and 

identifying other candidate experts via a review of the relevant literature. 

This initial group of 154 port experts was contacted and provided with a 

brief description of the study, queried for basic biographical information 

(e.g., number of papers published, length of practice, or number of years of 

tenure in government or non-governmental organization positions), and 

asked to nominate other potential experts for inclusion on the list. Experts 

were asked to nominate peers with expertise in the fields of seaport 

operations, planning, policy, seaport data, and/or the vulnerability of the 

Northeast U.S. MTS to climate and extreme weather impacts. This first 

round of contacts did not include invitations but was aimed at extending 

the KRNW to ensure that it included as many experts as could be accessed.  

For this survey, of the 154 experts invited, 64 participated, for a response 

rate of 42%. Participating experts provided their predominant sector 

affiliation (Figure 10). These are divided into Federal Government (n=28), 

Academic (n=13), Consultant (n=10), Port/MTS Practitioner (n=4), Non-

governmental Organization (n=2), State Government (n=1), and Other 

(n=6). The other category of expert affiliation was specified as Attorney 

(n=1), Contractor supporting the federal government (n=1), 

Consultant/port director/District engineer/Academic (n=1), Federal 

Government Academic (n=1), Port Authority (n=1), and Local Government 

(n=1) (Figure 10). These experts had between 14 to 40 years of experience 

in their fields, some were published, and all had affiliations to one or more 

of the following organizations: USACE, American Association of Port 

Authority, the American Society of Civil Engineers, Federal Highway 
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Administration, State Port Authorities, NOAA, U.S. Coast Guard (USCG), 

U.S. United States Coast Guard Academy, Environmental Protection 

Agency, Federal Emergency Management Agency, State Sea Grant, 

Transportation Management Areas, MARAD, and/or state universities 

(United States and Canada). Some of the experts serve as directors of port 

authorities, marine transportation recovery specialists, resilience directors 

at a port, professors, executive directors, directors of emergency 

management, civil engineers/marine consultants, etc. 

Figure 10. Count of respondents' self-identified affiliations. Total n = 64. 

 

3.2.2 Online expert elicitation VAS survey 

The objective of this survey was to measure port expertsô perceptions of 

the suitability of available data to serve as indicators of seaport 

vulnerabilities to climate and extreme weather (Appendix J; for a webinar 

provided to participants with survey instructions see Appendix K). The 

VAS survey requested that participants evaluate 34 candidate indicators 

for correlation with the components of seaport vulnerability (for a 

summary description of the vulnerability indicators see McIntosh [2018]). 

In addition to evaluating candidate indicators, respondents were asked to 

rank --in their opinion-- the 10 most vulnerable ports and the 10 least 

vulnerable ports. The results of this question would be used in the final 

validation step of this project to compare subjective opinions of seaport 

vulnerability with the outputs of the model (see Chapter 5).  

For each candidate indicator, respondents were given the indicatorôs 

description, units, data source, and example values, and respondents were 

asked to determine whether the candidate indicator correlated with the 
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exposure, sensitivity, and/or adaptive capacity of ports in the study area. 

In evaluating candidate indicators, respondents were instructed to 

consider port vulnerability holistically, inclusive of the portôs surrounding 

socioeconomic and environmental systems. Respondents indicated the 

magnitude and direction of correlation by dragging a slider along a VAS 

line segment (Figure 9). To indicate no correlation, respondents were to 

leave the slider in the center of the line. Dragging the slider to the left 

indicated a negative correlation, and dragging the slider to the right 

indicated a positive correlation. The distance measure of how far the slider 

was moved was indicative of the magnitude of perceived correlation. As a 

second verification on the comprehensiveness of the set of candidate 

indicators, experts were also asked to suggest additional candidate 

indicators and data sources. 

The candidate indicators were presented with their metadata, without 

assignment to a single component of vulnerability (i.e., exposure, 

sensitivity, adaptive capacity) and then respondents denoted each 

indicatorôs correlation (or lack of correlation) for each component. In this 

way, some indicators scored high in correlation with more than one 

component of vulnerability (Figure 11). 
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Figure 11. Candidate indicators of seaport vulnerability to climate and extreme weather, 

sorted by total median expert-perceived magnitude of correlation with each of the three 

components of vulnerability. Port-specific candidate indicators in bold. 

 

3.3 Results of VAS survey 

For each of the 34 candidate indicators evaluated, the median1 expert-

perceived magnitude of correlation was calculated for each of the three 

components of vulnerability (Figure 11). The graphs use the median1 

rather than the mean of responses when aggregating scores for each 

candidate indicator. Interestingly, when values were aggregated, 

respondentsô highest levels of perceived correlation were for place-based 

indicators; although 14 of the 34 candidate indicators were port-specific, 

the top-12 candidate indicators ranked by all three components of 

vulnerability total correlation were all placed based (Figure 11). Also, noted 

is the low level of perceived correlation with adaptive capacity (pink) 

compared to exposure (green) and sensitivity (blue). 

The indicator with the highest median expert-perceived correlation was 

the same for all three components of vulnerability; i.e., population inside 

                                                                 

1 The use of medians instead of the means reduces the effect of outliers (smaller or larger values) on 

the measure of central tendency. 
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